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Summary
Cell size is one of the critical parameters controlling the size
of intracellular structures. A well-known example is the
constant nuclear-to-cytoplasmic ratio (N/C ratio) [1–5]. The
length of the metaphase spindle is proportional to cell size,
but it has an upper limit during early embryogenesis [6].
During anaphase, the mitotic spindle elongates and delivers
the centrosomes and sister chromatids near the centers of
the nascent daughter cells. Here, we quantified the relation-
ship between spindle elongation and cell size in the early
embryo of Caenorhabditis elegans and propose possible
models for cell-size-dependent spindle elongation. Quanti-
tative measurements revealed that the extent and speed of
spindle elongation are correlated with cell size throughout
early embryogenesis. RNAi knockdown of Ga proteins and
their regulators revealed that the spindles failed to fully
elongate and that the speed of spindle elongation was
almost constant regardless of cell size. Our results suggest
that spindle elongation is controlled by two qualitatively
distinct mechanisms, i.e., Ga-dependent and -independent
modes of elongation. Simulation analyses revealed that the
constant-pulling model and the force-generator-limited
model reproduced the dynamics of the Ga-independent
and Ga-dependent mechanisms, respectively. These models
also explain how the set length of spindles is achieved.
Results and Discussion
Spindle Length after Anaphase Elongation Is Correlated
with Cell Size
The mitotic spindle is a molecular machine responsible for
chromosome segregation. A bipolar spindle is formed in meta-
phase and elongates in anaphase. To explore the relationship
between spindle elongation and cell size, we examined the
positions of the centrosomes (i.e., the spindle poles) in cells
of various sizes that appear during C. elegans early embryo-
genesis (Figure S1 available online). We measured the
distances between the centrosome pairs just before the onset
of anaphase (referred to as ‘‘metaphase spindle length’’), and
at the end of anaphase (‘‘elongated spindle length’’), as well
as the nuclear diameter during prophase (‘‘nucleus length’’).
Figure 1A plots these lengths against the length of the long
axis of the cell (‘‘cell length’’). Nucleus length and metaphase
spindle length were proportional to cell length in cells less
than w20 mm from later embryonic stages, whereas these
lengths were less dependent on cell size in cells longer than
*Correspondence: akkimura@lab.nig.ac.jpw20 mm from earlier embryonic stages (Figure 1A). This trend
is consistent with findings in the Xenopus embryo [4, 6]. In
contrast, elongated spindle length correlated well with cell
length, even in large cells (Figure 1A). Spindle elongation
brings the centrosomes near the centers of nascent daughter
cells (Figure S1), so this process may play a role in central posi-
tioning of the centrosomes in dividing cells.
We focused on cells longer than 20 mm, where cell-size
dependency of spindle elongation was evident (Figure 1B).
Cells of 20 mm long correspond to the cells in the 16- to 24-
cell stage embryos. We confirmed that elongated spindle
length was correlated more with cell length than was meta-
phase spindle length, based on the larger slope of the regres-
sion line (i.e., regression coefficient) (p < 0.001; Figure 1B).
Next, we assessed the contribution of initial spindle length at
metaphase and the extent of elongation (i.e., [elongated
spindle length] 2 [metaphase spindle length]) to the cell-size
dependency of elongated spindle length. The extent of elonga-
tion showed a stronger cell-size dependency than did
metaphase spindle length, based on the larger slope of the
regression lines (p < 0.05; Figure 1B). These findings demon-
strate that the extent of elongation contributes substantially
to the cell-size dependency of the elongated spindle length,
and therefore we further investigated this process. However,
initial spindle length was also correlated with cell size and
thus should also contribute to the cell-size dependency of elon-
gated spindle length. Our proposed model, which is explained
later in this study, encompasses the contribution of metaphase
spindle length to elongated spindle length.
To further test the cell-size dependency of spindle elonga-
tion, we examined C27D9.1 (RNAi), F21H12.2 (RNAi), and
ima-3 (RNAi) embryos that were larger or smaller than wild-
type embryos [7] (Figure S2). The spindle elongated more in
the larger cells and less in the smaller ones at the same devel-
opmental stage (Figure 1B). We also demonstrated that the
proportional relationship between spindle elongation and cell
length was maintained among different cell types (Figure 1C).
For example, there was no significant difference between
P lineage cells and AB lineage cells (p = 0.96), when we
compared the residuals between the observed values and the
predicted values from the regression line. The relationship
between spindle elongation and cell size was maintained
even when cell fate was perturbed by knocking down the
par-2 or par-3 genes [8] (Figure 1D). Taken together, these
data indicate that the extent of spindle elongation depends
on cell size but not on developmental stage or cell type.
Speed of Spindle Elongation also Depends on Cell Size
Next, we quantified the speed of spindle elongation in cells of
various sizes (Figure 2). We tracked the movements of the
centrosomes during spindle elongation (Figure S3A). The rela-
tive increase in spindle length (normalized to the length at
the onset of anaphase) was plotted as a function of time
(Figure S3B). From the plot, we calculated the speed of spindle
elongation and plotted elongation speed against cell length
(Figure 2). The speed of spindle elongation correlated with cell
length (p< 0.001). The cell-size dependency ofelongation speed
enables the spindle in longer cells to elongate longer within
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Figure 1. Quantification of Relationship between Spindle Length and Cell Length
(A) Nucleus length (pink, n = 68), metaphase spindle length (green, n = 129), and elongated spindle length (blue, n = 139) in various blastomeres from wild-
type embryos were plotted as functions of cell length.
(B) Elongated spindle length (blue), metaphase spindle length (green), and the extent of spindle elongation (yellow) in cells more than 20 mm long were plotted
against cell length. Plots in wild-type (solid circles, n = 49),C27D9.1 (RNAi) (open squares, n = 22), F21H12.2 (RNAi) (open diamonds, n = 4), and ima-3 (RNAi)
(crosses, n = 5) embryos are shown. Linear regression lines including wild-type and RNAi embryos are shown (6standard errors of the mean, SEM).
(C) The extent of spindle elongation was plotted against cell length in wild-type embryos. Types and embryonic stages of the cells are distinguished by the
different shapes and colors of the symbols. Different colors represent the following cell types: blue, P-lineage cells (n = 13); pink, AB-lineage cells (n = 7); and
green, EMS-lineage cells (n = 10). Different shapes represent the following embryonic stages: triangles, 2-cell stage; diamonds, 4-cell stage; crosses, 8-cell
stage; and circle, 16-cell stage. Black linear regression line is same as the yellow line in (B).
(D) The extents of spindle elongation in wild-type (blue diamonds, n = 30), par-2 (green triangles, n = 14), and par-3 (RNAi) embryos (yellow circles, n = 10)
were plotted against cell length, except for 1-cell-stage embryos. In 1-cell-stage embryos, PAR-2 and PAR-3 affect spindle elongation through regulation of
the cortical localization of microtubule-pulling force generators [28]. Linear regression line is same as in (C). The residual values of par-2 (RNAi) and par-3
(RNAi) from the regression line were not significantly different from those of the wild-type, as determined by Student’s t test (par-2: p = 0.75; par-3: p = 0.076).a limited time period. Interestingly, this relationship is similar to
the recent findings of cell-size dependency in constriction rate
and of constant duration time of cytokinesis [9].
Ga-Dependent and -Independent Modes of Spindle
Elongation
Spindle elongation in 1-cell-stage C. elegans embryos is
impaired when the cortical pulling force is inhibited [10–13].
The cortical pulling force pulls the mitotic spindle from the
outside toward the cortex via astral microtubules. Force
generation is mediated by cytoplasmic dynein [13, 14], or by
shrinking of the microtubules at the cortex [15, 16], or both.
The force is dependent on two Ga subunits of the heterotri-
meric G proteins, GOA-1 and GPA-16 [17], as well as their posi-
tive regulators, GPR-1 and GPR-2 [10, 11, 18]. We quantified
the contribution of Ga proteins and their regulators to cell-
size dependency by using RNAi knockdown of goa-1 and
gpa-16 genes (goa-1/gpa-16) or of gpr-1 and gpr-2 genes
(gpr-1/2) (Figure 3). In these RNAi cells, the extent and speedof spindle elongation were lower than in control cells (Figure 3).
These results indicate that Ga proteins and their regulators are
involved in cell-size-dependent spindle elongation throughout
the early stages of embryogenesis.
In both goa-1/gpa-16 (RNAi) and gpr-1/2 (RNAi) cells, the
spindle still elongated to some extent in a cell-size-dependent
manner (Figure 3). This is consistent with previous observa-
tions in 1-cell-stage embryos [10, 11, 19]. This effect is most
likely the result of a Ga-independent mechanism, rather than
the incomplete depletion of GOA-1/GPA-16 or GPR-1/2 by
RNAi knockdown. This notion is supported by four lines of
evidence. First, the GPR-1 signal at the cell cortex decreased
to undetectable levels in most of the gpr-1/2 (RNAi) embryos
in immunofluorescence experiments (Figure S4). Second,
asymmetric spindle positioning, which is mediated by GOA-1/
GPA-16 and GPR-1/2 [10, 11, 17, 18], was absent in the
RNAi embryos, indicating that functional GOA-1/GPA-16 and
GPR-1/2 are lost. Third, we obtained consistent results both
in goa-1/gpa-16 (RNAi) and gpr-1/2 (RNAi) embryos (Figure 3),
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Finally, and most importantly, elongation speed in goa-1/
gpa-16 (RNAi) and gpr-1/2 (RNAi) cells was not correlated
significantly with cell length (p = 0.14). This was qualitatively
distinct from the situation in control cells, where elongation
speed was correlated with cell size (Figure 2). Thus, we pro-
pose that Ga-dependent and Ga-independent mechanisms
act in concert to elongate the spindle in a cell-size-dependent
manner.
The Constant-Pulling Model Accounts for the Ga-
Independent Mechanism
In the Ga-dependent mechanism, both the extent and speed of
spindle elongation depend on cell size. By comparison, in the
Ga-independent mechanism, the extent of spindle elongation
depends on cell size, but the speed is constant. To explore the
mechanisms underlying these two modes of spindle elonga-
tion, we used computer simulations with possible models. In
our initial model, referred to as the constant-pulling model,
astral microtubules radiate from two centrosomes and are
pulled at the cortex with a constant force in three-dimensional
space (Figure 4A; Figure S5A). The initial spindle lengths
between the centrosomes were set to the measured values
of metaphase spindle length in vivo (Table S1), and the spin-
dles moved by pulling forces from the astral microtubules after
the onset of anaphase. The contact points of the microtubules
at the cortex are fixed, as observed in vivo [16] (Figure S5A).
The parameter values for cell size and microtubule configura-
tion were based on the results of our in vivo measurements
(Table S1). Simulation with the model could reproduce the
cell-size dependency of the extent of spindle elongation
(Figure S6A). However, the elongation speed was almost
constant, regardless of cell length (Figure S6B). These features
of spindle elongation are not consistent with those observed in
wild-type embryos, but they agree well with those in goa-1/
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Figure 2. Speed of Spindle Elongation also Depends on Cell Size
Speed of spindle elongation was calculated from the centrosome tracking
data (Figure S3B) by dividing half the value of the maximum increase by
the transit time from the onset of anaphase. Speed was plotted as a function
of cell length for various cells (open squares, cells from C27D9.1 (RNAi)
embryos, n = 21; solid circles, cells from wild-type embryos, n = 46; crosses,
cells from ima-3 (RNAi) embryos, n = 5; open diamonds, cells from F21H12.2
(RNAi) embryos, n = 4). Different colors represent the following cell stages:
blue, 1-cell stage (P0 cell); green, 2-cell stage; pink, 4-cell stage; yellow, 8-
cell stage; and purple, 16- or more cell stages. Linear regression lines for all
samples are shown (6SEM).gpa-16 (RNAi) and gpr-1/2 (RNAi) embryos (Figures 4B and
4C; Figures S6C and S6D). A previous laser ablation experi-
ment [10] and our measurements in various RNAi embryos
(Figure S7) demonstrated that microtubule-mediated forces
inside the spindle is not required for the spindle elongation in
gpr-1/2 (RNAi) embryos, and thus support the notion that the
pulling force from outside the spindle, such as the cortical pull-
ing force, contributes to the Ga-independent mechanism (see
Supplemental Data). Because the constant-pulling model
could account for the quantitative characteristics of Ga-inde-
pendent mechanism, we propose that the constant-pulling
model is a suitable model for Ga-independent mechanism.
The Force-Generator-Limited Model Accounts
for the Ga-Dependent Mechanism
To reproduce the cell-size dependency of the speed of spindle
elongation in the Ga-dependent mechanism, we examined
a force-generator-limited model, in which the Ga-dependent
force-generator sites on the cell cortex are limited (see also
Supplemental Data). This limitation is based on the results of
an elegant experiment in C. elegans embryos [12, 20]. In this
model, longer microtubules mediate greater pulling force, on
average [20]. We applied this model to cell-size dependency
by assuming that the density of the cortical force generators
is constant in every cell (Figure 4D). Thus, the anticipated
number of force generators to contact a single microtubule
is proportional to the surface area covered by the microtubule,
and we simplified this relationship by assuming that the force
on a single microtubule is proportional to the squared length
of the microtubule (Figure S5). To reproduce the wild-type
situation, we conducted a simulation with a combination
of two models: the force-generator-limited model for the
Ga-dependent mechanism and the constant-pulling model
for the Ga-independent mechanism (Figures S6E and S6F).
Both the extent and speed of spindle elongation were propor-
tional to cell size, as observed in vivo (Figures 4E and 4F). The
force-generator-limited model is the only model, at present, to
account for the Ga-dependent mechanism supported by
experimental findings. Our study provides an example of
a cellular process in which limitation of the number of cortical
force-generation sites [12] seems critical. By limiting the
number of cortical force generators, the cell can make the
speed of spindle elongation dependent on its size.
From our model (Figure 4G), we can predict the parameters
influencing the elongated spindle length (Figure S8). Changes
to the pulling force coefficient and the number of astral micro-
tubules had little effect on the length. This result indicates
that our model, and possibly the cell, is robust against changes
in these parameters. By comparison, the spatial distribution
of microtubules and the initial spindle length affected the
elongated spindle length. The initial distribution of astral
microtubule at w180, which provides the desired lengths of
elongated spindles in the model, is likely to be a general
configuration in dividing cells. The positions of the centro-
somes at metaphase before elongation, which is reflected in
the initial spindle length, determine the distribution of the
contact positions between microtubule and cortex, and thus
affect spindle elongation in the model. The metaphase spindle
length is controlled by intrinsic mechanisms acting inside the
spindle that are not directly linked to cell size [6, 21–23] (see
Supplemental Data). Our proposed model explains how cells
incorporate information on cell size and metaphase spindle
length in order to determine the length of the elongated spindle
during cell division.
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Figure 3. Ga-Dependent and -Independent Mechanisms for
Cell-Size-Dependent Spindle Elongation
(A) Extents of spindle elongation in gpr-1/2 (RNAi) (solid pink
squares, n = 63), goa-1/gpa-16 (RNAi) (open pink squares,
n = 19), and control (blue diamonds, ‘‘wild-type*,’’ n = 82)
embryos were plotted as in Figure 1B. The linear regression
lines are shown (blue, from the data of the control; pink,
from those of goa-1/gpa-16 (RNAi) and gpr-1/2 (RNAi)
embryos, 6SEM). The regression coefficients were signifi-
cantly different (p < 0.001). The correlation between extent
and cell size was significant for both control (p < 0.001) and
goa-1/gpa-16 (RNAi) and gpr-1/2 (RNAi) embryos (p < 0.001).
(B) Speed of spindle elongation in gpr-1/2 (RNAi) (solid pink
squares, n = 63), goa-1/gpa-16 (RNAi) (open pink squares,
n = 19), and control (blue diamonds, ‘‘wild-type*,’’ n = 80)
embryos were plotted as in Figure 2. Linear regression lines
for each sample are shown (6SEM). The regression coeffi-
cients were significantly different (p < 0.001). The correlation
between speed and cell size was significant for control
embryos (p < 0.001), but not for goa-1/gpa-16 (RNAi) and
gpr-1/2 (RNAi) embryos (p = 0.14).
In both (A) and (B), the data obtained with C27D9.1 (RNAi),
F21H12.2 (RNAi), and ima-3 (RNAi) background is included
for gpr-1/2 (RNAi), goa-1/gpa-16 (RNAi), and control (‘‘wild-
type*’’) as in Figures 1B or 2.Experimental Procedures
Strains
We generated the strain CAL0061 expressing GFP-g-tubulin (tbg-1), GFP-
Histone H2B (his-11), and GFP-PH(PLC1delta-1) by mating the strains
TH32 (GFP-g-tubulin and GFP-Histone H2B) [24] and OD58 (GFP-
PH(PLC1delta-1)) [25], which were obtained from the Caenorhabditis
Genetics Center and Dr. J. Audhya, respectively.
RNAi
RNA-mediated interference (RNAi) was performed by injecting double-
stranded RNA into C. elegans embryos, as previously described [26]. The
templates for RNAi of par-2, par-3, gpr-1/2, C27D9.1, ima-3, and F21H12.2
were amplified by PCR from genomic DNA. Primer sequences for the PCR
amplification were based on sequences in the Phenobank database (http://
worm.mpi-cbg.de/phenobank2). RNA for goa-1/gpa-16 was transcribed
from a goa-1/gpa-16 cDNA template distributed by Dr. P. Go¨nczy [10].
Measurement of Extent and Speed of Spindle Elongation
Embryos placed in M9 solution were visualized at room temperature by
using a spinning-disk confocal system (CSU10; Yokogawa Electric Corpora-
tion, Tokyo, Japan) mounted on a microscope (BX61; Olympus Optical Co.
Ltd., Tokyo, Japan) equipped with a 1003 objective (UPLSAPO100XO,
Olympus Optical Co. Ltd.). For measurement of the extent and speed of
spindle elongation, digital images were acquired every 1 s with a CCD
camera (1394 ORCA-ERA, Hamamatsu Photonics KK, Hamamatsu City,
Japan) controlled by IP Lab software (BD Biosciences, San Jose, CA). Thedistance between two centers of centrosomes and the length of the longest
axis of the cell were measured by Image J software (National Institutes of
Health, Bethesda, MD). The method used for automatic detection and
tracking of centrosomes by image processing was described previously
[27]. The distance between two centrosomes was measured during the
mitotic phase (from prometaphase to telophase). Speed of elongation was
calculated by dividing one half of the maximum increase in length by the
elapsed time.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, nine
figures, one table, and six movies and can be found with this article online at
http://www.cell.com/current-biology/supplemental/S0960-9822(09)01476-6.
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Figure 4. Simulation of Spindle Elongation with the Constant-Pulling Model and the Force-Generator-Limited Model
(A–C) The constant-pulling model.
(A) Schematic representation of the constant-pulling model in a large cell (left; P0 cell as example) and a small cell (right; P2 cell as example). Cortical force-
generator sites (orange dots) are fixed at the cell cortex. Each force generator pulls the astral microtubules (gray lines) elongating from the spindle (blue
object) with a constant magnitude of pulling force (vector of force; orange arrow).
(B and C) Simulation of spindle elongation in embryos with loss of Ga (simulation videos are shown in Movies S3 and S4). The magnitude of pulling force was
adjusted to fit the dynamics of elongation in the P0 cell of goa-1/gpa-16 (RNAi) and gpr-1/2 (RNAi) embryos (see Supplemental Experimental Procedures).
Comparison of in vivo data (pink dots, goa-1/gpa-16 (RNAi) and gpr-1/2 (RNAi) embryos, same as Figure 3) and simulation data (green dots) determined for
the extent (B) and speed (C) of elongation. Linear regression lines are shown (6SEM). The equations are for the simulation data, whereas those for the in vivo
data are shown in Figure 3. The slopes of the regression lines for the extent and speed of spindle elongation were not significantly different from those for the
in vivo data of goa-1/gpa-16 (RNAi) and gpr-1/2 (RNAi) embryos (extent: p = 0.92; speed: p = 0.46).
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(D) Schematic representation of the force-generator-limited model in a large cell (left) and a small cell (right). The cortical force-generator sites (red dots) are
limited and the density of force generators is constant, regardless of the cell size. The number of astral microtubules is constant among cells of different
sizes. In the situation depicted, the number of force-generator sites varies according to surface area, so that the magnitude of the pulling force depends
on the number of force-generator sites, but not on the number of astral microtubules. Orange arrows represent vectors of force.
(E and F) Simulation of spindle elongation in wild-type cells with the force-generator-limited model as the Ga-dependent mechanism and the constant-pull-
ing model as the Ga-independent mechanism (simulation videos are shown in Movies S5 and S6). The extent (E) and speed (F) of in vivo spindle elongation
(blue dots, ‘‘wild-type*,’’ same as Figure 3) and simulation (green dots) were plotted as a function of cell length, and the linear regression lines for these data
are shown (6SEM). The slope of both regression lines for the extent and speed of spindle elongation were not significantly different from those for the in vivo
data (extent: p = 0.95; speed: p = 0.89).
(G) Proposed models for regulation of cell-size-dependent spindle elongation. Two mechanisms regulate cell-size-dependent spindle elongation in wild-
type embryos: the Ga-dependent mechanism (top) and the Ga-independent mechanism (bottom). The number of Ga-dependent force generators on the
cortex is limited, and the total number is proportional to the surface area of the cell. The number of astral microtubules pulled by the Ga-dependent mech-
anisms will thus be limited. In this figure, we assumed that dynein complexes recruited to the cortex through G proteins and their regulators pull microtu-
bules [13, 14]. Force generation can be mediated by shrinking of the microtubules [15, 16]. By comparison, Ga-independent force generators are abundant
enough on the cell cortex so that all astral microtubules that reach the cortex will be pulled with a constant force by the Ga-independent mechanism. Our
measurements suggest that the number of astral microtubules does not vary dramatically among cells of different sizes (Figure S9). Simulation studies show
that the combination of these mechanisms is sufficient to reproduce the in vivo behavior of cell-size-dependent spindle elongation.
